Tight formation testing when mobilities are lower than 0.01 mD/cP poses significant challenges because the conventional pressure transient buildup testing becomes impractical as a result of the large buildup stabilization time. This paper introduces a new automated pulse test method for testing in tight formations that significantly reduces testing time and makes the determination of formation pressure and permeability possible. A pulse test is defined as a drawdown followed by an injection test, and the source is shut in to record the pressure transient. Based on pressure data during the shut-in period, the next drawdown or injection test is designed, such that the flow rate is a fraction of the initial pulse rate, followed by another shut-in test. This procedure continues until the difference in pressure at the beginning and at the end of the shut-in period is reduced to within a specified limit of pressure change; then, an extended transient is recorded to a stabilized shut-in pressure. The overall advantage is to reduce the pressure stabilization time by implementing an adaptive pressure feedback loop in the system. The method can be applied to a straddle packer test using conventional drillstem testing tools or formation testers, using either straddle packers or probes.
Introduction
Important reservoir properties, such as formation pressure and permeability, can be measured with formation-testers (Angeles et al. 2010; Proett et al. 2004; Zazovsky et al. 2005; Elshahawi et al. 1999) . Hadibeik et al. (2009 and tested fluid sampling by means of various probe-type formation testers in laminated reservoirs under the influence of dynamic mudfiltrate invasion. The next advancement in the transient analysis of formation-tester measurements is the consideration of the effect of flowline storage or wellbore storage, which significantly slows down the pressure transient in low mobility formations (Proett et al. 1998; Goode et al. 1987; Yildiz et al. 1991; Chin et al. 2007 ). Consequently, tight formation testing poses significant challenges when using the conventional drawdown buildup method.
Another complication for testing in tight formations is that the measured pressure is supercharged and is greater than the reservoir pressure. The measured shut-in pressure is usually assumed to be the formation pressure. In a permeable formation, mudcake can form quickly and is normally very effective in slowing down invasion and maintaining the wellbore sandface pressure to near that of the formation pressure. However, this assumption is unrealistic, especially in low mobility formations in which there could be no sealing mudcake to isolate the reservoir from hydrostatic pressure. In tight formations, the invasion rate is slowed by the formation, and mudcake may form slowly or it may not exist (Proett et al. 2000; Schrooten et al. 2007; Britt et al. 2004) . Therefore, the measured pressure in these cases is substantially greater than the formation pressure as a result of the lack of sealing mudcake. There have been some attempts to determine the reservoir pressure in tight sand formations (Yang et al. 2007; Proett et al. 1994) . To solve this challenge, a pulse test technique is used in combination with the spherical flow model to obtain the true formation pressure. Early transient and spherical flow period can be distinguished from late transient flow period by calculating the streamline evolution of flow near the source (Hadibeik et al. 2011) .
To measure the reservoir pressure in tight-formation testing, current technologies require several hours of wait time to reach the stabilized pressure, and it is often difficult to reach this stabilization or to determine when it occurs . The automated harmonic testing method introduced in this paper substantially reduces the testing time when using a packer or probe-type formation tester and automatically converges to the shut-in pressure.
Problem Statement
There are two main practical difficulties in controlling a low mobility test. First, although drawdowns are very fast, the pressure buildup is very slow, and might require several hours or days for a buildup to stabilize. A pressure transient near the stable shut-in pressure is required to identify infinitely-acting Darcy flow and to interpret formation pressure and permeability (Fig. 1) . Before infinitely-acting Darcy flow is identified, the pressure transient is dominated by flowline storage and skin. This causes the drawdown to decline rapidly but buildups to increase slowly that delays the stable infinitely-acting Darcy flow period. Drawdown pressure control is difficult because of its rapid declining rate. It is not unusual to observe fluid property changes, or even phase changes, which make the buildup stabilization pressure even more difficult or, in many cases, impossible to achieve. Second, the mud-filtrate invasion in these formations causes the supercharged effect to occur, which means that the stabilized pressure is different from the true initial reservoir pressure. In wells that are overbalanced, the stabilized wellbore pressure is supercharged as a result of the greater hydrostatic pressure. In wells that are underbalanced, the wellbore pressure will be near the hydrostatic pressure, but the formation pressure is actually greater. Therefore, depending on the drilling situation (overbalanced or underbalanced drilling), this pressure will be greater or less than the initial reservoir pressure. In this paper, the automated pulse-test technique and a pressure feedback address these testing issues. 
Numerical Model for Pulse-Test Method
The numerical model used in this study is a compositional multi-phase near wellbore finite-difference model (Pour 2011) . To account for the flowline storage effect, the first gridblock adjacent to the source is assigned a large permeability and porosity value to perform as a hollow chamber rather than a porous medium. The thickness of the gridblock is adjusted to account for the volume of fluid present in the flowline. The model was developed for the straddle packer, an oval probe, and a single probe. An analytical single-phase spherical model is then used to validate these models. Proett et al. (1998) presented this spherical flow model with the wellbore storage effect. The first step is to validate the numerical model with the analytical model for the single-phase flow in a tight sand oil reservoir invaded with an oil-based mud filtrate. The next step is to implement the wellbore storage effect in the model. Although the numerical method was validated using a single-phase fluid, it can be used to model the multi-phase flow, especially tight gas sands invaded with water-based mud (WBM) or oil-based mud (OBM).
Without Wellbore Storage Effect. A homogenous isotropic tight formation is used as a base case model to validate the numerical method without wellbore storage effect. The properties of this formation are shown in Table 1 . We assume that there is no mud-filtrate invasion; consequently, there is no supercharge effect, and the reservoir is a single-phase oil reservoir. Tables 2 through 4 summarize the tester properties, and Figs. 2, 3, and 4 summarize the results of the validation of the numerical method. In these examples, the pulse test consists of a drawdown followed by an injection of equal flowrate and pulse-time period. As shown in Figs. 2, 3, and 4, the analytical model indicated by the blue curve matches the numerical model indicated by the red curve very closely. The differences between the two models can be accounted for in that the numerical model contains all geometry of the wellbore and probes, whereas the spherical model assumes an equivalent probe diameter in a purely mathematical spherical space. With Wellbore Storage. The effect of wellbore storage must be included in testing models, particularly in tight formations in which the storage effect can dominate most of the pressure transient data. The storage boundary effect consists of the fluid volume and compressibility connected to the formation. The analytical method described in Proett et al. (1998) includes the storage effect in the boundary value problem definition. In the numerical model, the storage effect is simulated by using the first gridblock adjacent to the wellbore and assigning it a large permeability and porosity values to act as the storage fluid volume, which is inherently connected to the porous medium grid. The reservoir properties and tester properties remain the same as before, but now includes wellbore storage. Table 5 summarizes the amount of storage for each tester. Figs. 5, 6, 7, and 8 display the validation models for the straddle packer, oval probe, standard probe, and DPS (dual probe section) of the formation-testing tool. In these examples, the storage effect clearly changes the pressure transient behavior. First, both the drawdown and injection pressure pulse magnitudes are reduced. Most notably, the positive pulse overshot pressure is now reduced from several thousand psi to less than a few hundred psi. Because of this, the shut-in pressure appears to be reached in less time. In addition, the observed reduction in the positive pulse is much smaller in the straddle packer than in the probe cases and for the lower permeability cases shown in Fig. 8 . Therefore, for the given cases, storage appears to actually help to reduce the testing time with this simple pulse test method. However, it may become more complicated when wellbore effects, such as an over-or underbalanced wellbore hydrostatic mud are considered, and further refinements are needed to the pulse test method. 
New Optimized Pulse Testing Method
Method and Algorithm. Previous studies of a pulse test have shown some advantages over traditional drawdown buildup testing methods (Proett et al. 2000) ; however, the previous pulse testing methods used a continuous harmonic pulse to determine permeability or anisotropy and did not necessarily improve testing in tight reservoirs. After the pulsing stopped, the stabilization time would not be any faster for tight formations (k < 0.001 mD). However, if the pulse is varied, then it may be possible to further reduce the stabilization time. Some comparisons of pulse types are shown in Fig. 9 for a standard probe testing in a tight sand formation, and Table 6 summarizes the fluid and reservoir properties for an oil reservoir invaded with one day of OBM filtrate invasion. In the example shown, the injection pulse with half the volume of the drawdown improves the stabilization time, as compared to a standard drawdown buildup and a drawdown and injection pulse of the same volume and flow rate. The examples shown in Fig. 9 suggest that a pulse method could be further improved by using optimization techniques. This possibility led to the discovery of using an ongoing pressure transient feedback loop to monitor the pressure changes and determine the next action which could be a drawdown or an injection at a volume and rate designed to minimize testing time. This method can begin from a drawdown or injection test, depending on the drilling situation (overbalanced or underbalanced drilling). Consequently, a shut-in test (buildup or builddown test) is performed, and a pressure gauge records the pressure during the shut-in period. If the pressure decreases, the next move should be a drawdown test; otherwise, if the pressure increases, the next choice should be an injection test. The rate of pressure increase or decrease (i.e., slope or derivative) can also be used to design the new pulse. The simplest way to monitor these short shut-in periods is to observe the start pressure and ending pressures of the shut-in, which is used here for simplicity. However, real data can be noisy, and it is desirable to use all of the data to determine the slope or derivative. A logic flow diagram of the algorithm of this automated pulse test technique is shown in Fig. 10 . Fig. 11 depicts a pressure response of the automated pulse test method obtained from a straddle packer, and Table 7 presents its tester properties. . In the previous example, the assumption is made that invasion stops during the test. However, when mud-filtrate invasion continues in this overbalanced situation, then the wellbore supercharge becomes a factor to be considered. Fig. 12 illustrates the numerical simulation results, taking into account the effect of invasion during the test for the straddle packer with properties listed in Table 7 . Mud-filtrate invasion is simulated before sealing the packer to the borehole, and then the invasion is stopped in this case. Two pulse tests are simulated in Fig. 12 . The first test is a simple pulse test with identical drawdown and injection volumes and rates. The second test is based on the automated pulse test algorithm. The automated pulse test reaches a stable pressure much more quickly than the simple pulse test, but both converge to a supercharge pressure that is greater than the formation pressure. This is also the case with a standard drawdown buildup, but the stable pressure is obtained much more quickly, particularly for the automated pulse test. 
Supercharge Effects on Pulse Testing
Overbalance pressure makes the pressure stabilize at a greater pressure than the formation pressure as a result of the leaks around the straddle packer. This is also the case for a probe-type formation tester, but the probe provides even less protection from supercharging. This supercharging effect also causes the pulses to be effected in a very different way than if there was no overbalance. The initial drawdown pulse can be considered in two parts. In the initial stage of the drawdown, little if any fluid is withdrawn from the formation and is simply decompressed by the pretest piston movement. The process can be described as if there is an overbalance; then part of the drawdown is above a stable pressure and, until the pressure falls below a threshold, no fluid is withdrawn from the formation. Consider the example of a 1000 psi overbalance with a flow rate of 0.1 cc/sec. After the straddle packers are set, the pressure will tend to slowly decline toward a stable pressure. If we have flowline storage of 200 cc and a compressibility of 3e-6 psi -1 , then it will require approximately 6 seconds to reduce the flowline pressure to the supercharge pressure of 500 psi above the formation pressure. Therefore, the decompression volume is: This decompression time must be subtracted from the drawdown production time. Therefore, if the pulse is specified as 30 seconds, the 6-second section is non-productive, leaving a remaining 24 seconds for a drawdown below the supercharge pressure. Then, on the positive pulse side, a full 30 seconds is applied. The implication of this is that the pressure rise when injecting will be greater than predicted when there is no overbalance. In larger permeabilities, the pressure increase is lower which is due in part to the fact that higher permeable formations have a sealing mudcake. If there is no permeability, then the pressure will increase back to the hydrostatic pressure because the fluid is only being compressed and decompressed. Figs. 13 and 14 depict the pressure response of a dual packer and an oval probe in a single pulse test. Tables 1, 2 , 3, and 5 summarize the formation and these tester properties. These figures indicate that if the injection portion of the pulse test can be optimized, it is possible to reach a fast stabilization pressure with a single pulse. 
Automated Pulse Test Method
The automated pulse test technique is based on implementing a pressure monitoring feedback and control system in which the pulse flow rates and durations can be software-controlled by the testing tool. Figs. 10 and 11 illustrate the algorithm and feature an automated pulse test; the following simulations show a comparison of the automated pulse testing method to other methods (i.e., standard drawdown buildup, drawdown with identical injection volume, and drawdown with half-injection volume). Table 8 shows the properties of three different tight sand formations (i.e., K 1 , K 2 and K 3 ) where the straddle packer, oval probe, and standard probe were tested. Fig. 15 , the half-injection pulse test reaches the formation pressure faster than the automated pulse test. However, this observation is not general and is only effective in this case because the half-injection pulse is arbitrary. In all of the results, the time in which the pressure reaches the 0.35% of the initial formation pressure is recorded as the stabilized pressure. In the automated pulse test, the flow rate of each test is half of its preceding test flow rate. It was mentioned that this ratio can be optimized based on the pressure feedback, however. The number of iterations between pumpout and injection tests is defined as six iterations, followed by an extended shut-in test to determine the stabilized pressure. Automated Pulse-Test vs. Harmonic Pulse-Test Method. The harmonic pulse test consists of a series of drawdown and injection tests. After each step, the flow rate is decreased by a factor. However, there is no feedback control in the system to monitor the pressure. Fig. 24 shows a typical harmonic pulse test, and Fig. 25 depicts the comparison of a harmonic pulse test with an automated one. The results show that the stabilization time of the automated pulse test is faster than that of the harmonic pulse test.
Compositional Oil and Gas Modeling. The analytical method was used to validate the numerical models. However, to understand the change of fluid properties with temperature and pressure, a numerical simulation is needed, particularly for low mobility reservoir where changes in pressure and temperature are more pronounced in the pumpout process. In practice, the fluid property change during a test as a result of invasion and pressure / temperature variations can be evaluated using compositional equation of state (EOS) modeling. For the rest of reservoir testing simulations straddle packer was used, and the properties of the tester are the same as those shown in Table 2 and Table 5 .
Overbalanced Drilling and Invasion. With numerical modeling the effects of overbalanced drilling are also considered. In the cases that follow, the reservoir pressure is 20,000 psi, and the overbalanced pressure is 1,000 psi greater than the formation pressure. The type of mud is an OBM or a WBM, and the filtration viscosity is constant (μ = 1 cP). The invasion time is 1-day, and the pumpout and injection duration of the pulse is 30 seconds. Because of the overbalanced drilling condition, the stabilized pressure is greater than the formation pressure. The stabilization time is reported when the relative pressure change of a shut-in test is within 0.35% of the final pressure.
Tight Sand Formation. In this case, an OBM filtrate invades an oil reservoir in which the fluid properties of mud-filtrate and in-situ oil are the same. Table 9 describes the oil properties, and Table 10 presents the tight sand formation properties. Fig. 26 compares four different testing methods in this tight sand reservoir demonstrating that the automated method reaches a stable pressure much more quickly than the other testing methods. Shale Gas Reservoir. In this case, an OBM invades a shale gas reservoir. The straddle packer was used to perform the synthetic testing in this reservoir ( Table 2 and 5). Table 11 describes the OBM and in-situ gas properties. The reservoir properties are summarized in Table 12 . Fig. 27 shows the results of testing in this synthetic shale gas reservoir. Heavy Oil Formation. In the heavy oil synthetic reservoir, the WBM was used in the overbalanced drilling situation. The tests were performed with a straddle packer (see Table 2 and Table 5 ); Table 13 summarizes the reservoir rock and fluid properties. Fig. 28 compares various test results for the heavy oil reservoir. Table 14 summarizes the overbalanced drilling situation in these three formations (tight sand, shale gas, and heavy oil). Underbalanced Drilling. The underbalanced case is the same as the overbalanced drilling, except that the bottomhole pressure is 500 psi less than the formation pressure (20,000 psi). The reservoir and fluid properties are the same as the overbalanced case, and the stabilization time is measured when each test reaches within the 0.35% limit of stabilized pressure. In this section, the test begins with an injection, rather than a pumpout test, because the formation pressure near the wellbore is less than the far-field pressure; therefore, an injection is necessary to increase the pressure. However, the choice of injection or drawdown is arbitrary, attempting to reduce the iterations. In many cases, it may be difficult to determine if a formation is under-or overbalanced, but the automated pulse testing method will work even if the initial pulse is not in the optimal direction.
Tight Sand Formation. Properties of the tight sand synthetic formation are described in the overbalanced section. Fig. 29 shows the comparison of the tests for a straddle-packer formation tester. Shale Gas Reservoir. In shale gas underbalanced testing the bottomhole pressure is less than the formation pressure; therefore, the formation is bleeding into the wellbore. Fig. 30 shows that the automated pulse test is more effective in reaching the stabilized pressure.
Heavy Oil Formation. A comparison of the heavy oil testing indicates that the automated pulse test method is at least twice as fast as other methods for this synthetic case (Fig. 31) . As previously mentioned, it is apparent that the lower the mobility of the formation, the better is the performance of an automated pulse test relative to other methods, at least for the examples shown. 
Discussion about Interpretation Method
The automated pulse test method is practical and can be performed in the field. The flowrate and pulse period for each test step can be calculated with an optimized algorithm. This optimization can be done with a simulation model and optimization algorithm if formation and flow-line parameters are known. When applying automated pulse testing in the field without exact knowledge of formation pressure and other rock/fluid properties, a test design procedure is recommended (flowrate and pulse period) based on the best prior knowledge of the reservoir. Then, the pressure feedback will adjust the flowrate based on reservoir response during the test. The same forward models are used for test design, and a test can also be used to match the pressure testing results from the field to determine the formation pressure, supercharge effects, mobility/permeability and skin. For gas and heavy oil simulation examples, the fluid compressibility was chosen as 3.0 x 10 -6 . This was assumed because the flow line normally has mud filtrate and this fluid compressibility forms the dominant flow regime during fluid injection or pullback from the reservoir during the test. Since the pulse duration is short, and the reservoir mobility is so low, the assumption of constant fluid compressibility is reasonable for simulations with water based muds or dead oil filtrates. In a continuation of this study, further pressure transient analysis and inversion techniques can be performed on the automated pulse test measurement to determine other reservoir properties such as mobility, damage skin, and wellbore storage.
Conclusions
The automated pulse test method measures the reservoir pressure more quickly than any other available method in the industry; it is designed for tight formations, shale gas, heavy oil and, in general, to operate in low mobilities, where the new method presents a better answer than other methods.
• The automated pulse test algorithm was designed with a pressure feedback circuit, and can be implemented in formation-testing tools to perform the job without operator interference.
• In the automated pulse test, there is no need to have prior information about the reservoir pressure.
• In presented examples, the automated pulse test was able to find the reservoir pressure at least 3 to 10 times faster than that of conventional pressure-testing techniques.
• The recorded builddown stabilization time was the time required to reach 0.35% of the initial reservoir pressure. In the case of overbalance and underbalance drilling, the stabilized pressure is not the initial reservoir pressure and further analysis should be done to find the true reservoir pressure. However, the advantage of the automated pulse test over other methods is to reach this stabilized pressure faster.
• The automated pulse test is a non-linear method, similar to that found in control systems with a feedback loop. This system shows some oscillation in the objective response to find the local minimum (in this case, reservoir pressure).
• To remove the effect of noise on the feedback pressure loop in the automated pulse test method, it is possible to use the change in the slope of the line to make the decision about the next move, rather than observing the two pressure end-points. It is also possible to use a noise reduction device, such as a low-pass filter in the design. 
Nomenclature

